Abstract-A review of the state of the art of picosecond timedomain waveform measurements is presented which includes measurements in both the electrical and optical regions of the electromagnetic spectrum. This review is the latest edition of a series of reviews on high-speed pulse measurements compiled by the author commencing in To accomplish the main purpose with efficiency only the advances which have occurred since 1978 [2] will be presented in the state-of-the-art charts using the 1978 chart formats; hence the spaces for the methods in which there were no significant change will be left blank, requiring the reader, if interested, to refer to [2] for the information and references relevant to those methods.
To accomplish the main purpose with efficiency only the advances which have occurred since 1978 [2] will be presented in the state-of-the-art charts using the 1978 chart formats; hence the spaces for the methods in which there were no significant change will be left blank, requiring the reader, if interested, to refer to [2] for the information and references relevant to those methods.
Secondary purposes are 1) to succintly point out the significance of the IEEE Pulse Standards 181 and 194, 2) to provide clarification of the classification of measurement methods by presenting some illustrative instrumentation block diagrams, and 3) to offer some opinions as to the future directions of electrical and optical picosecond-domain pulse waveform measurements.
Manuscript received July 16, 1982; revised October 12, 1982. The author is with the National Bureau of Standards, Boulder, CO 80303. II . PULSE STANDARDS For measurement purposes, fundamental time-domain definitions for pulse and waveform terms along with definitions and descriptions of time-domain pulse measurements are required. With such definitions and descriptions in hand it is then possible to determine the characteristics of practical and hypothetical pulses (waveforms) regardless of accuracy or precision, which may occur in a wide range of technologies. The IEEE Pulse Standards 194 and 181 [3] , [4] provide the definitions and descriptions; the same definitions and descriptions are to be found in the IEC Publications 469-1 and 469-2 [5] , [6] , respectively.
Unfortunately, many engineers and scientists involved in time-domain measurements of pulses (waveforms) continue to use terms, procedures, etc., other than those in the IEEE Standards, or in some cases "reinvent the wheel," i.e., duplicate results already embodied in the standards. The short paragraphs comprising the Sections 1 in Standards 194 and 181 are required reading for those involved in pulse measurements and pulse technology in general; a careful reading of those sections will lead to further study of the Standards. A brief discussion of some of the terms, definitions, etc., to be found in the Standards is presented in [2, Section II] .
As was pointed out in 1978 [2] , the minicomputer has made a major impact on time-domain measurements leading to automated time-domain measurements which utilize computer control and data reduction. The IEEE Standards 194 and 181 were developed with computer analysis and measurement implementation in mind. In fact, some of the measurement methods are impractical without a computer.
Some of the terms in the IEEE Standards have a profound meaning even though they are simple conceptually. For example, the term "Pulse" is only used to describe the physical entity, i.e., the pulse traveling along a transmission line or appearing at the terminals of some element. On the other hand, the term "Waveform" is only used to describe the manifestation of the pulse, i.e., the measured quantity or shape corresponding to the physical pulse. These definitions fundamentally recognize that a pulse measurement system can never be perfect: "the observed (measured) waveform is always different from the pulse (being measured III. BASIC TIME-DOMAIN MEASUREMENT SYSTEM As considered here, the basic time-domain measurement system is a transmission system suitable for measuring the output of pulse generators and the effects of transmission through an inserted element, Fig. 1 . In the latter case, the before and after insertion waveforms can be related to the frequency-domain scattering parameter S2A(s). Other arrangements of the depicted components plus others as necessary can be used to obtain reflection and/or transmission waveforms which can be related to a full set of network scattering parameters (or other parameters) [7] - [10] .
In Fig. 1 Various methods are used to calibrate the time-domain instrumentation system signal channel and time base. Typical methods include known dc voltages and known amplitude low-frequency square waves for the signal channel [12] , and pulsed CW sources, pulse excited transmission-line structures [13] , [14] , and calibrated delay lines [1] for the time base. In optical systems, variable path lengths using pairs of turning prisms (roof prisms) with precision mechanical positioners [10] are used to provide a known delay shift of an optical pulse. The amplitude calibration of an optical signal channel is accomplished using calorimetry to establish the power response, because an optical pulse is detected or measured in terms of its instantaneous power per square meter (instantaneous irradiance) [2] , [14] , [15] .
IV. SOME INSTRUMENTATION METHODS There are two general classes of time-domain measurements: 1) real time and 2) equivalent time. A real-time measurement acquires the signal data from a single occurrence of the signal while an equivalent-time measurement requires a number of reoccurrences to acquire the signal data. Historically, a real-time measurement employed a conventional signal deflection structure oscilloscope of sufficient writing rate to photographically record a single-occurrence (shot) waveform corresponding to the applied pulse. On the other hand, an equivalent time measurement employed a sampling oscilloscope which obtained a single sample from each successive repetition of the applied pulse, with each sample being taken at different time relative to the start of the applied pulse. Consequently, the pulse measurement process was carried out on an "equivalent-time" basis where the actual measurement times were, say in milliseconds, corresponding to multiples of the pulse repetition rate while the corresponding physical pulse duration was, say in nanoseconds. Thus common usage relegated real-time measurements to conventional oscilloscopes Tables I and II shows.
There are two models for samplers (sampling devices), one being a product model while the other an integrated product model. The product device forms the product between the high-repetition-rate periodic sampling pulse train and a single-occurrence signal. The resultant sampled signal consists of a train of identical pulses amplitude-modulated by the signal variations. In principle, if the signal is band-limited, then the sampling rate need only be equal to twice the highest frequency in the signal (Nyquist frequency), Fig. 2 . The integrated product model is fundamentally a cross-correlation integral
where s(t),f(t), and g(T) are the sampling pulse, the signal, and the resultant correlation function [2] . Such In the random method, the time value of each sample is not known a priori but is determined by measuring the relative time position between the start of the signal and the sampling pulse; the value so determined is stored in the time base memory, Fig. 4 . Note that 1) the sampling pulse is not synchronized to the signal, 2) thus no signal delay line is required, and 3) nonzero samples are obtained whenever the signal and sampling pulse occur simultaneously [1]. In Fig. 4 Amplitude discriminator pulse sampling measurements can be implemented by two general approaches: 1) the sampling position selected primarily by the time position of a sampling pulse relative to the signal [1], and 2) the sampling position determined by a specified amplitude level [2] . For both cases, effective sampling results when the signal amplitude is much less than that of an auxiliary pulse. In the first case, a (relatively) narrow sampling pulse is added to the signal, and the sum trips the amplitude discriminator; the sampling pulse time position is shifted through the epoch of the signal and the amplitude discrimination level for each position recorded. Comparing the discrimination levels with and without the signal present provides a waveform corresponding to the signal (pulse).
In the second case, a ramp of sufficient amplitude is added to the signal to yield a monotonically (always increasing or decreasing) sum. The amplitude discrimination level is scanned to obtain a waveform corresponding to the sum of the signal and the ramp. With the ramp level versus time being known, the signal level versus time can be determined.
V. STATE OF THE ART State-of-the-art reports are in themselves time-domain data on the latest results in the development and application of techniques. As such they also suffer from observer errors and are always behind the times due to the noninfinitesimal time interval required to write, print, etc.
As pointed out in the Introduction, apertured target which is in front of a semiconductor array. The portions of the beam passing through the apertures and striking the semiconductor array provide the digitized samples. The apertures are arranged so that the beam position is read out as a digital (Grey coded) 9-bit number; the beam deflection is proportional to the time dependence of the signal being measured. For a -GHz signal channel bandwidth, the system step response would consist of 512 samples over a 5-ns time window with a transition duration of about 350 ps. Some limitations of signal channel bandwidth, sampling rate, and timing for real-time sampling are discussed in [20] .
The speed of streak cameras for state-of-the-art optical pulse measurements has remained mainly unchanged at about 0.5 ps. A new approach for a streak camera based upon interference patterns is reported in which an electrooptic crystal deflector is used [22] . Such crystal deflectors also have been used in other streak cameras that do not use interference phenomena [55] , [56] . Furthermore, a new method for triggering the electrical deflection circuits is described in [23] . Improvements to conventional streak tubes have been made [24] , [25] ; in the former case [24] , the improvements include increasing the stability of an S -photocathode. Such cathodes have been known to degrade with shelf life of a year, or so. In the latter case [25] , a tube designed for circular sweep operation coupled to a diode array is described.
A multiple nonlinear autocorrelator for optical pulses has been built using an echelon and thin photoconductive detectors [21] ; in use, the experimental arrangement is the same as in a two-photon fluorescence pulse autocorrelation experiment, but differs in that the echelon/photoconductor assembly replaces the two-photon fluorescent medium.
B. Equivalent-Time Measurements
Sequential equivalent-time methods employing optical pulse sources and photoconductive switches have been improved, 10 ps [26] . Other such systems have been applied to measure the impulse response of a GaAs field-effect transistor having an unpackaged bandwidth to about 16 GHz [27] .
A Josephson-junction (JJ) amplitude discriminator has been employed in an equivalent-time sampling system 10 ps [28] , which demonstrated a time-domain reflectometer for the superconducting transmission-line elements employed in superconducting integrated circuits. The incident current step was produced by a JJ pulse generator, and all of the components were fabricated on a single substrate. The amplitude discriminator sampler was one in which a narrow pulse was added to the signal [29] . Other sampling circuits using JJ's have been built [30] , [31] . All of the measurements reported here [28] - [31 ] were applied to signals generated on chip in the cryogenic environment of 4.2 K.
Optical nonlinear (n = 2) autocorrelation measurements have been made which gave an autocorrelation waveform of 30-fs FDH. These measurements were done using a zerobackground correlation measurement method [32] . Crosscorrelation measurements between pulses of the same wavelength have been made giving cross-correlation waveform with 190-fs FDHM [54] .
Also, optical nonlinear (n = 2) cross-correlation measurements between two optical pulses of different wavelengths have been made: 7 ps (1060 and 840 nm) [34] and 7.76 ps (597.5 and 630 nm) [53] . In the former, 1060-nm pumping pulses were cross correlated with 840-nm pulse emission from a bulk GaAs and a synchronously mode-locked bulk GaAs laser. In the latter, the pulses were synchronously generated by a double mode-locked dye laser using Rhodamine 6G and cresyl violet dyes as the simultaneous lasing mediums. For completely mode-locked pulses, the cross-correlation waveform had a value of 7.76-ps FDHM. These measurements [34] , [53] were made using the zero-background correlation method described in [32] ; however, in this case the correlation optical ray was phase matched to the sum frequency of the two laser frequencies.
VI. REMARKS AND FUTURE DIRECTIONS
The main objective of this paper was to summarize the present-day capability in picosecond-domain waveform measurements. In doing so, electrical and optical pulse measurement methods have been drawn together in the same manner as in the 1978 review [2] . This has been done to exhibit the commonality between electrical and optical methods and to encourage the exchange of ideas between electrical and optical researchers. The importance of bringing together electrical and optical picosecond-domain measurements has been emphasized by the selection, translation, and subsequent publication of the 1978 review in Japanese [35] .
For the future, in the author's view there are three areas in present-day activities that provide precursors to future developments.
First, there is electron device research leading to faster or more versatile devices. The superconducting devices referred to in [28] -[311 will be improved and additional elements such as A/D converters, memories, etc., will be available [36] , [37] . Another interesting class of devices are the proposed ballistic electron semiconductor devices [38] - [41 ] which are envisioned to possess submicrometer geometries in which electron velocities will be larger and responses faster. Also, photoconductive detectors [42] [43] [44] and metal tunnel barrier photodetectors [45] are devices which are projected to be faster using submicrometer techniques. Furthermore, submicrometer techniques amongst others will probably be applied to speed up charge-coupled devices such as [46] . Also, direct measurements on devices themselves using electron-beam techniques may be used to evaluate submicrometer devices; such a measurement method has been used to study the transient currents in a semiconductor device [47] .
Second, there is the application of optical pulse technology to electrical pulse measurements. In addition to those efforts already cited [26] , [27] there are the microwave pulse generator [48] and the high-speed switch [49] . More ways will evolve in using optical devices in electrical pulse measurements.
Third, there is optical pulse gating which falls into two categories: optically driven [50] and electrically driven [51] , [52] . Such methods will lead to improved and versatile optical pulse measurement systems. In summary, these three activities will strongly stimulate and directly contribute to the further development of picosecond-domain waveform measurements. CW laser provides real-time measurement of the excitation decay of luminous materials, which have a low fluorescence quantum yield and do not prefer high-power excitation because nonlinear effects or photodegradation would be caused by high power [2] - [4] . In this paper, we report the operational characteristics of a newly developed compact SSC with a microchannel plate (MCP) providing a high light gain and its application to the measurement of a picosecond fluorescence decay of a biological molecule having a very low quantum yield ( 1 0-3)-
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SYNCHROSCAN STREAK CAMERA AND EXPERIMENTS
The experimental arrangement for the compact SSC (C I 587X) [5] operating in synchronism with a synchronouspassive hybrid mode-locked (HML) CW dye laser [6] is shown in Fig. 1 . The new streak tube (N] 643X) [5] incorporates the MCP as an image intensifier and has a high light gain such as 104. A multialkali photocathode is prepared on UV glass window. Hence, it has a sensitivity in the wide spectral range of 200 to 800 nm. The outside diameter and the length of the compact tube are 52 and 210 mm, respectively. The 7-mm effective diameter of a photocathode corresponds to the screen of 15 mm on a phosphor because the image magnification 0018-9456/83/0300-0124$01.00 © 1983 IEEE
